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PREFACE

This project’s objective is to improve our understanding of the generation, recombination, and
transport of carriers within ITII-V homo- and heterostructures. The research itself consists of
fabricating and characterizing solar cell ‘‘building blocks’’ such as junctions and heterojunctions
as well as basic measurements of material parameters. A significant effort is also being directed
at characterizing loss mechanisms in high-quality, OI-V solar cells fabricated in industrial
research laboratories throughout the United States. The project’s goal is to use our understand-
ing of the device physics of high-cfficiency cell components to maximize cell efficiency. A
related goal is the demonstration of new cell structures fabricated by molecular beam epitaxy
(MBE). The development of measurement techniques and characterization methodologies 1s
also a project objective.

This report describes our progress during the fifth and final year of the project. During the past
five years, we’ve learned a great deal about heavy doping effects in p* and n* GaAs and have
explored their implications for solar cells. We have developed an understanding of the dominant
recombination losses in present-day, high-efficiency cells. We've learned to appreciated the
importance of recombination at the perimeter of the cell and have developed techniques for
chemically passivating such edges. Finally, we’ve demonstrated that films grown by molecular
beam epitaxy are suitable for high-efficiency cell research. '

For the past year, our efforts have been directed at finishing up several of our on-going studies.
Effects of heavy doping on GaAs solar cells were addressed in a paper presented at the 21st Pho-
tovoltaic Specialists Conference. We completed studies of perimeter recombination and
developed a computer medel to simulate such effects. The importance of perimeter recombina-
tion for GaAs solar cells and for diagnostic measurements was addressed in another PVSC
paper. A new chemical treatment capable of permanently passivating GaAs surfaces was
demonstrated. In collaboration with Professor R.L. Gunshor of Purdue, we also passivated an
MBE-grown, n on p, GaAs solar cell with an MBE-grown, pseudomorphic ZnSe layer. (Cell
fabrication and electrical characterization is now underway.) Finally, solar cell applications of
MBE-grown cells were demonstrated. High-efficiency GaAs cells as large as 2 cm by 4 cm were
demonstrated, and an Aly,Gag g As with record efficiency was demonstrated.

Success in this work would not have been possible without the generous cooperation of col-
leagues in industry. 'We owe special thanks to Steve Tobin, Stan Vernon, and their colleagues at
Spire Corporation for sharing their knowledge of high-efficiency cells and for fabricating GaAs
and AlGaAs cells using our MBE-grown films. We also thank Peter Iles, Frank Ho, and Charles
Chu from Applied Solar Energy Corporation for working with us to fabricate 2 cm by 4 cm
GaAs solar cells with MBE-grown films. The work described in this report was supported by the
Solar Energy Research Institute. We owe a special debt to Cecile Leboeuf and John Benner for
their sustained support during the course of this work. Our research also benefited by collabora- -
tions with three graduate student researchers not supported by SERI. Harry Chuang was sup-
ported by the Indiana Corporation for Science and and Technology, Martin Klausmeier-Brown
by a fellowship from the Eastman Kodak Company, and Paul Dodd by a President’s Fellowship
from Purdue University.
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SUMMARY

- Project Overview

Solar cell efficiency is determined both by material quality and by device design. As the
efficiencies of both single and multiple junction III-V solar cells continue to rise, it is becoming
increasingly important to carefully examine the internal device physics of solar cells so that cell
designs. can be tailored to the material constraints. The need for a sound understanding of inter-
nal device physics is clearly illustrated by the more mature crystalline silicon cell technology.
After a broad program of basic studies in the late 1970’s, silicon solar cell designers now under-
stand the internal distribution of photocurrent and dark current losses with a high degree of
confidence. Silicon cell efficiencies continue to advance, but progress now is largely due to
innovative cell designs rather than to improving material quality. The continuing progress in sil-
icon cell efficiencies illustrates the benefits of careful cell design guided by detailed knowledge
of device physics. ‘

In comparison to silicon, there has been relatively little work on basic studies of compound sem-
iconductor solar cells. Our work is directed at meeting this need for an improved understanding
of the internal device physics and material parameters of compound semiconductor solar cells.
The goal is to identify the internal recombination losses that control the performance of state-
of-the-art, high-efficiency GaAs-based solar cells and to develop characterization methodologies
and approaches that are broadly applicable to compound semiconductor cells. Another aim is to
measure for the first time some of the fundamental parameters (such as the effective intrinsic
carrier concentration and minority carrier mobility) which control the performance of solar cells.
Finally, we aim to apply this evolving device physics knowledge in order to explore new
approaches for enhancing solar cell efficiency. While these basic studies are contributing to the
steady progress of II-V cell efficiencies, they may at the same time lead to innovative new
approaches for achieving substantial efficiency gains.

Scientific and Technical Activities: 1989 - 1990
During the past year, ;he specific project objectives were to:

¢ develop a quantitative understanding of perimeter and surface recombination along
with a predictive numerical model to simulate such effects :
explore chemical techniques to permanently passivate GaAs surfaces
assess the photovoltaic potential of pseudomorphic, ZnSe/GaAs heterostructures
?cér_ﬁgnsn'ate high efficiency GaAs and AlGaAs cells using films grown in our MBE

acility.

The perimeter and surface recombination studies concluded a long-term effort to understand
such effects as well as their implications for ITI-V solar cells. As a result of this work, we now
have a detailed, numerical model which has been verified experimentally.

Earlier work by our group demonstrated that ammonium sulfide treatments suppress perimeter
recombination — but only temporarily. During the past year, we have demonstrated that a new
arsenic glass treatment, developed by E. Yablonovitch at Bellcore, results in a permanent reduc-
tion of perimeter recombination.
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In collaboration with R.L. Gunshor at Purdue, we have successfully grown pseudomorphic ZnSe
on a GaAs solar cell film. Measurements to assess the photovoltaic quality of the ZnSe/GaAs
interface are underway. |

Finally, work to assess the photovoltaic quality of GaAs fiims grown in our MBE facility contin-
ued. In last year’s report, we described a 23.8% 0.5 cm by 0.5 cm heteroface cell fabricated at
Spire Corporation using a Purdue-grown MBE film. This year Spire also fabricated a 16.1%
Aly2GaggAs solar cell using Purdue-grown material. This result is a record for MBE-grown
AlGaAs. Because it was grown at a temperature lower than optimum, however, we expect that
much higher efficiencies will be achieved. Finally, we collaborated with Applied Solar Energy
Corporation to fabricate large area (2cm by 4 cm) GaAs solar cells. The MBE-grown film had
an average cell efficiency of 18.8% (AMO) which is comparable to results obtained for similar
size cells fabricated from MOCVD material. These results are important because they demon-
strate that MBE-grown films are suitable for high-efficiency cell research.

Major Project Accomplishments

Since this is the final project report describing this five-year effort, it seems appropriate to
review the major project accomplishments. The references listed below refer to those listed in
Appendix 1.

1) Identification of heteroface and perimeter recombination as significant loss factors in
high-efficiency GaAs cells [2,37]. (By focusing on these losses, researchers at Spire Cor-
poration later achieved 1-sun record efficiency GaAs cells.)

2) First measurement of barrier recombination velocity of p*—p back-surface-fields and
demonstration that this conventional feature of cell design was ineffective [15,18].

3) Demonstration that AlGaAs buffer layers provide a useful gettering benefit in solar
cell applications [31]. (This design feature is now a part of Spire’s record efficiency GaAs
cell.)

4)  First measurements of effective bandgap shrinkage in p*-GaAs [34]. (This work stimu-
lated similar experiments elsewhere and has now been verified by three different labora-
tories, at Duke University, at IMEC in Belgium, and at IBM’s T. J. Watson Lab. The
results explain why p*-p homojunctions are ineffective minority carrier mirrors and have
generated intefested within the GaAs bipolar community as well. The work has resulted in
two invited talks.)

5) Development and first demonstration of passivation of GaAs surfaces by ammonium
sulfide [32]. (A previously reported treatment, sodium sulfide displayed an undersirablc
shunt leakage. The effectiveness of this treatment has now been verified by a number of
laboratories. Researchers at Bellcore find that the ammonium sulfide treatment produces
the lox;'est surface recombination velocity of any of the recently-reported chemical treat-
ments. ‘

6) Development of isothermal current DLTS for solar cell diagnostics [40]. (Conventional
capacitance DLTS is difficult to apply to large area solar cells, but one can readily use
current transients. The isothermal technique makes it possible to determine a trap‘s energy
level from a single temperature measurement, which makes the technique useful to routine
diagnostic applications.)

7) Characterization of n*n back-surface fields [41]. (This work demonstrated that, in con-
trast to p*-p barriers, these barriers were effective in minority carrier confinement. The
results suggests that the effective gap shrinkage that occurs in p*-GaAs is relatively minor
in n*-GaAs. It confirmed recent work by rescarchers at RPI and provided additional infor-
mation on the minority hole diffusion coefficient.)



8) First chemical analysis of chemically passivated GaAs surfaces [39,42]. (This work,

 published simultaneously with independent work by Bellcore researchers, used XPS

analysis to show that the treated surface was free of oxygen and contained less than one
monolayer of sulfur.)

9) Achievement of record efficiency MBE-grown GaAs p/n heteroface cell [23,44]. (The
efficiency of this cell was only one percentage point below the best reported efficiency for
MOCVD-grown GaAs and demonstrates the high quality of the material now being pro-
duced in our MBE facility. The film was the first solar cell film grown in the system and
had obvious problems that we expect to correct.)

10) Extension of effective bandgap shrinkage measurements to N, = 10%° cm™ [4,46,47].
(This work used a new technique which verified the originally reported results and
extended them by one order of magnitude. The work provides data in a doping range com-
monly encountered for GaAs solar cells and bipolar transistors and displayed some interest-
ing differences with theoretical predictions and with the corresponding result for p*-Si.)

11) Observation of a strong orientation dependence for perimeter recombination
[4,10,48]. (This work showed that perimeter recombination currents can vary by a factor of
five depending on the crystallographic orientation of the diode. The results may explain
some of the variability observed in dark current measurements and may offer a means to
minimize this recombination loss.) :

12) Demonstration of large-area, high-efficiency MBE-grown GaAs solar cells {53]. (This
work demonstrates that the defect densities of MBE-grown films are low enough for high-
efficiency cell research.)

Overview of the Report

This report consists of several chapters which describe some of last year’s research activities.
Other research is described in the reprints contained in Appendix 1. Chapter 1 describes experi-
mental and theoretical work on perimeter and surface recombination. It describes measurements
to characterize such recombination as well as the extension of the PUPHS2D model to treat
these effects. A new surface passivation treatment, As,S3, which appears to produce a per-
manent reduction of surface recombination is described in Chapter 2. As discussed in Chapter
3, we have collaborated with outside laboratories to fabricate and characterize a variety of high-
efficiency cells using MBE-grown films. Finally, in Chapter 4, we present some thoughts on
how innovative designs might be used to advantage for III-V cells. The report also contains one
appendix. Appendix 1 is a complete list of the publications that have resulted during the course
of the project.

Conclusions

During the past five years, we’ve leamned a great deal about GaAs material properties and solar
cell device physics. We now understand much more about the fundamental device physics of
GaAs and the importance of various loss mechanisms in state-of-the-art cells. GaAs cell
efficiencies continue to rise, but as the material quality improves, the role of cell design becomes
increasingly important. With the knowledge gained by these basic studies, it should now be pos-
sible to critically assess, with a high degree of confidence, the potential for innovative GaAs-
based solar cell designs.
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CHAPTER 1

Surface and Perimeter Recbmbination in GaAs Diodes:
An Experimental and Theoretical Investigation

I. Introduction

Gallium arsenide surfaces contain high densities of charged states and
‘recombination centers which de‘grade the performance of electronic devices [1].
Recombination at the illuminated surface reduces a solar cell’s photocurrent, and
recombination along the cell’s perimeter increases its dark current [2]. Perimeter
recombination similarly degrades the performance of heterojunction bipolar transistors by -
produciag a size effect which reduces the gain of small devices [3,4]. To suppress surface
and perimeter recombination, a variety of novel device designs and surface treatments are
being explored [5,6]. A quantitative understanding of surface recombination must be
developed in order to analyze and design GaAs bipolar devices. In this chapter, we present
a detailed experimental characterization of surface and perimeter recombination in GaAs p/n
diodes and analyze the experiments using a comprehensive numerical model. The
objectives are to gain insight into the nature of surface and perimeter recombination in
GaAs devices as well as to develop a quantitative mode! for device applications.

For the p/n heteroface diode illustrated in Fig. 1, recombination along the surface of
the p* layer is usually characterized by a minority carrier surface recombination velocity of
Sg = 107 cm/sec [7]. Recombination along the perimeter influences the diode’s dark
current, which is determined by the integrated recombination rate. By integrating across
the junction space-charge region alone, we find the bulk current to be

Xn
Ip = qu R(y)dy = ﬂl_;._:.é_ Weff (qu/nka_l) )

~Xp (1a)



L

i | ——

contact

surface recombination

Fig. 1. Typical heteroface diode structure.

where A is the junction area and %o = ~TngTpo. The Shockley-Read—Hall (SRH)

recombination rate, R(y), peaks where Tpon(y) = TnoP(y), and the effective width over
which recombination occurs is [8]

k T/q |
2 g ' (1b)
where €y is the electric field normal to the junction where the recombination rate is at its
maximum. Recombination in the junction space—charge region typically results in a current
with an ideality factor of ny, = 2 with W being a very small fraction of the junction’s
space—charge region width.

Weff =



The perimeter current is obtained by integrating the surface recombination rate along
the diode’s perimeter, '

I, = gP fRs (y)dy = qnis9LsP (e "V/"-kT -1) ,
| )
~where P is the diode’s perimeter, ng is the ideality factor associated with the petimeter
currént, Lg is the effective width for. surface recombination, and so = ¥YSno Spo- ,‘3 When
there are no charged states at the exposed perimeter, the perimeter current can be
decomposed into two components. Where the junction space-—cha:gé‘region intersects the
perimeter, we find ng = 2 and Lg'= Weg as given in (1b), so this current component
produces an n = 2 current much like recombination in the bulk space—charge region.
Carriers injected into the quasi-neutral regions can also diffuse to the perimeter and
recombine which leads to an n = 1 component of the perimeter current. For the total
pcriineter recombination current, the ideality factor varies with bias from n = 2 at low
biases ton = 1 at high biases.

In GaAs, surface states tend to deplete the semiconductor near exposed surfaces.
Figure 2 shows the equilibrium electrostatic potential versus position for a p/n heteroface
diode similar to that sketched in Fig. 1. (The electrostatic potential was computed
numerically as described in Sec. III. ) The band bending produces a surface channel, and
the built-in potential of the surface diode is considerably smaller than that of the bulk
junction. For this reason, theoretical analyses of perimeter currents have focused on carrier
injection and recombination in the surface channel [9,10]. Henry et al. [9] developed an
analytical éxprcssion for the perimeter current based on a number of assumptions including
constant quasi-Fermi levels in the surface space—charge region. Their result is much like
(2) with an ideality factor of about 2, but L is termed a surface diffusion length and
characterizes carrier injection and recombination in the surface channel. In this view, the
perimeter current is controlled by recombination in the surface channels outside of the
region where the junction space—charge layer intersects the perimeter.

To treat perimeter recombination accurately, detailed numerical solutions are
required. Figure 3 shows the forward-biased internal recombination rate within the diode
sketched in Fig. 1. Both bulk and perimeter recombination are observed, but perimeter
recombination dominates. (The numerical model and the input parameters for this
simulation are discussed later. ) The simulation shows recombination where the junction
space—charge layer intersects the perimeter as well as within the surface channels. Similar
numerical simulations have been employed to examine perimeter recombination in



(A) renuelod anelsolidalg

Fig. 2.

Equilibrium electrostatic potential versus position in heteroface GaAs diode

similar to Fig. 1 with perimeter recombination states along right edge. Note

surface channel caused by partial Fermi-level pinning,



Internal volume recombination rate in a GaAs heteroface diode with surface

states under 0.6 V of fo;'v_vaxd bias. Plotted on logarithmic scale.
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Internal volume recombination rate in a GaAs heteroface diode with surface

states under 0.6 V of forward bias. Plotted on linear scale.

Fig. 3b.
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heterojunction bipolar transistors [10,11]. The simulations of Tiwari et al. [10]
demonstrate that the constant quasi—Fermi level approximation doesn’t apply and that the
perimeter recombination current ideality factor has a strong bias dependence. To establish
the validity of such models and the values of input parameters such as the surface
recombination velocity, detailed comparisons with experiment need to be undertaken.

Our purpose in this chapter is to describe experiments to isolate perimeter and bulk
recombination currents in GaAs p/n diodes and to compare measured results with numerical
simulations. We choose to work with p/n homojunction diodes in order to avoid the
additional complications introduced by two—dimensional geometries and heterojunctions in
devices such as HBT’s. Numerical analysis will also be employed to describe the
important features of perimeter recombination in GaAs diodes. The results demonstrate
that surface and perimetei‘ recombination can be accurately simulated using a simple model
for the GaAs surface. Simulation results also demonstrate that carrier injection in the
surface channels is not the controlling factor in these devices. These resuits clarify the
important features of perimeter and surface recombination in GaAs diodes and should serve
as a useful guide for what to expect in more complex, heterojunction devices.

This chapter is organized as follows. In Sec. II, we describe the experimental work
to characterize svsface and bulk recombination currents in GaAs p/n junction diodes. The
numerical model used to simulate the experiment is described in Sec. II, and in Sec. IV we
compare simulated and measured results. We discuss the results in Sec. V and summarize
the main conclusions in Sec. VI.

II. Experimental Results
Film Growth.and Device Processing

The structure of Fig. 1 was designed to suppress the bulk diffusion current so that
perimeter recombination could be explored. The device uses heteroface barriers to reduce
this surface recombination by surrounding the GaAs p*/n junction with the wider-bandgap
material Al,Ga;_,As. Since this technique greatly suppresses the n=1 current component,
the n=2 perimeter recombination current is the largest contributor to the dark current at
biases below one volt.

The GaAs and Al,Ga;_,As layers were grown on a two-inch liquid-encapsulated—
Czochralski (LEC) (100)-GaAs substrate in a Varian GEN II molecular beam epitaxy
(MBE) system at Purdue University. The source materials consisted of elemental gallium,
arsenic, and aluminum, with beryllium and silicon used as p—- and n-type dopants,
respectively. The layers were grown at a substrate temperature of 600°C (the oxide
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désorption temperature was 580°C). A superlattice layer consisting of 20 periods of 28 A
o v

Alp.33Gag g7As barriers and 31 A GaAs wells was incorporated in the film structure to

reduce diffusion of impurities from the substrate into the growing film [12]. Reflection

high-energy electron diffraction patterns were used to monitor the growth rate and growth

conditions. Each of two gallium furnaces produced a flux corresponding to a growth rate
of 0.5 um/hr, for a net growth rate of 1.0 um/hr. The Asy to total Ga beam equivalent
pressure measured with an ion-gauge in the substrate growth position was 27.

In order to separate the current components, the processed devices consisted of
squares with areas ranging from 2.5x10~5 to 0.01 cm2 and perimeter—to-area (P/A) ratios
varying from 40 to 800 cm~1. The masking levels also included devices necessary to study
the effect of crystallographic orientation on perimeter recombination [13], and 0.5 cm x 0.5
cm solar cells. The processing was as follows. First, a back ohmic contact was formed by
alloying indium at 350°C for 1 minute because a non-indium wafer mount was used during
the MBE growth. Front metallization lift—off patterns were then defined, Ti/Au was
electron-beam evaporated to form non-alloyed ohmic contacts, and the photoresist was
dissolved in acetone to remove the excess metal. Following the metal deposition, mesas
were defined using conventional photolithography and etched in a 25°C
methanol:HyO5:HyO:H3PO,4 3:1:1:1 solution for 1 min 15 sec. The etch rate was
approximately two microns per minute making this etch suitable for mesa isolation.

Measured 1-V Characteristics

- The current versus voltage characteristics of a 64 um by 64 um diode at 25.8°C are
displayed in Fig. 4 along with the diode’s ideality factor versus voltage. To characterize
this device, we seek to quantify the bias~dependent contributions of perimeter and bulk
recombination to the current. Another objective is to determine whether the drop in ideality
factor for V5 2 0.9 V is due to perimeter or bulk recombination.

The bulk and perimeter recombination currents were examined by performing
detailed measurements of the diode current-voltage characteristics for diodes with several
P/A ratios. The ideality factors and saturation current densities were separated by using a
plot of the total current density versus P/A ratio at incremental voltage steps as shown in
Fig. 5. The total current in the diode may be written as the sum of the bulk and perimeter
current components, with the perimeter current scaling as P/A:

L = ]onB( quA/"BkT'l) + ]onP( quA/nka ""1)/"1:— .

A 3)
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As shown in Fig. 5, (3) accurately describes our devices. The slope of I/A'versus V4 is
related to the perimeter current and the intercept to the bulk current. For this 64 um by 64
um diode, the perimeter current dominates for applied biases up to 1.0 volt.

For a small voltage step AV=V, —V|, the slopes of two adjacent lines may be used |
to extract the perimeter saturation current density and ideality factor:

eqv’/nka -1

slope1 = Jonpl € *
eq Z/nka__l

slopez = Jonp

,  (4a)
(4b)

At each voltage, the slope is determined from a simple least—squares fit to the experimental
data. Equation (4) is then just a system of two equations in two unknowns which is solved
for Joup and np. Similarly, the bulk saturation current density and ideality factor may be
determined from the intercepts of the lines.

Current Density (x10~%) (A/cm?)

P/A Ratio (cm-1)

Fig. 5. Diode current density versus P/A ratio at 0.7, 0.75, and 0.8 volts.
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The ideality factors vs. bias for the total, perimeter, and bulk currents are displayed
in Fig. 6a. The bulk current ideality factor shows a strong bias dependence, varying from
n = 1.8 at low bias where recombination in the junction space charge region dominates to n
=1 for high applied biases where recombination in the quasi-neutral regions dominates
(for biases above 1 volt, the series resistance becomes important and ideality factors can not
be extracted). The perimeter ideality factor shows a similar, though weaker, bias
dependence. Finally, Fig. 6b shows that the perimeter current dominates for V4 £0.9 V,
above which bu'k recombination becomes important.

The experimentally observed bulk current is well-described by conventional p/n
junction theory. The bias—dependent ideality factor for the perimeter current was not
predicted by Henry er al. [9] but has been discovered by numerical simulations [10]. In the
next section we employ numerical simulation to examine the physics of perimeter
recombination.

III. Model Description

The two~dimensional device simulator, PUPHS2D, [14] was modified to include
surface states and Fermi level pinning using an approach similar to [11]. The model is
based on a drift—diffusion description of carrier transport and treats Al,Gaj_,As
heterostructures. A bandgap narrowing model for heavily—doped p-type GaAs based on
the data of Klausmeier-Brown [15] is present, but was not used in the computations since
the diodes were designed to suppress injection currents. Surface recombination is modeled
with SRH recombination through deep level traps. We assume two discrete trap levels,
donor-like and acceptor-like. If the surface densities (per cm2) of these traps are denoted
by Ntp and N4, then the ionized trap surface densities Nyp* and Nt~ are given by

16]:
6] Nth - Snd Ntg + Spd ps

NTD  Sna (ns +n3) + Spd (ps +pq)

Ny 4 Snafs + Spa Pta
NTA Sna (s +nyg) + Spa (Ps +pyg) ’ (5)

where pg and ng are the surface hole and electron concentrations, Spq , Spg» Spa and Sp,
are the electron and hole surface recombination velocities for donor-like and acceptor-like
traps, and nyg , Pyg » Nta » and py, are the electron and hole concentrations that would exist
if the Fermi level were pinned at the donor or acceptor levels. For example,

-11-
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where Epr is the energy level of the donor-like traps. The effect of the charge of the

ionized traps alters the boundary condition to the Poisson equation (obtained from applying

Gauss’ law about a small box at the semiconductor—free space interface) according to:

VA

_q (NTb +Npa +Nrp)

) & ’ @
where 7 is a unit vector normal to the surface, & is the semiconductor dielectric
constant at the surface, and gNg is the fixed charge at the surface. Note that while Nr is
constant, Ntp™ and N5~ will vary with bias. The surface recombination rate is then
given by:

R, = ns ps = n;2 . ns ps — n;2
Lo(ng +nyy) + (s +pg)  L-(ns + ) + == (s + pig)
'Spd ‘5 td Snd pS ptd Spa 5 ta Sna pS pta

®

The first term represents recombination at the donor-like surface traps and the second
recombination at the acceptor-like traps.

While the model is formulated in terms of two discrete surface trap energy levels, it

was found that for traps located near midgap [1], there is little practical difference between

two tfap levels off midgap and one trap level located at midgap. All simulation results

reported in this chapter were therefore performed with equal concentrations of acceptor-like

and donor-like traps located at midgap. In addition, equal surface recombination velocities
were assumed throughout.

IV. Simulation Results

Current-Yoltage Characteristics

The terminal characteristics of the GaAs p/n diodes described in Section II were
computed with the numerical simulation program in order to study the periineter
recombination mechanism. The resultant current—voltage characteristics are compared to
the measured results in Fig. 4. Bulk lifetimes of 1 ns were used in the calculation. The
surface parameters were a total surface trap concentration of 5x1012 cm~2 , and surface
recombination velocities Sy = Sp = 4x103 cm/s, where Sy, = Spq + Sp, and similarly for Sy,
The corresponding capture coefficients (e.g. cpg = Spg/Np ) are then 8x10-8 cm3/s. It
can be seen in Fig. 4 that the simulated current-voltage behavior using these parameters
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reproduces the actual data very well until high bias voltages are applied, when the actual
device exhibits higher series resistance than the model predicts. It should be mentioned that
the surface model contains eight adjustable parameters: Syq, Spd » Spa» Spa» NTp» N1A »
and the trap energy levels. It is for this reason that we choose the simplect possible model
by assuming equal recombination velocities, trap concentrations, and energy levels
positioned at midgap. We demonstrate later that this simple model accurately describes
both the dark and illuminated characteristics of these diodes.

The perimeter current ideality factor exhibits an inclination toward an n = 1 ideality
factor, which is shown in Fig. 7, a plot of the experimentally observed and simulated
perimeter current ideality factor versus bias voltage. The simulation shows a strong drop in
the perimeter ideality factor above 1 V of bias, reaching a minimum value of about 1.5
before rising due to series resistance. A similar strong bias dependence to the perimeter
current ideality factor has been reported by Tiwari and colleagues [10]. In Sec. V we
discuss the physical origin of the bias dependence.

Internal Quantum Efficiency vs. Wavelength

As will be discussed in Seciion V, the choice of surface recombination veloclty and
surface state density used to fit the measured I-V characteristic is not unique. The model
was further tested by examining the diode’s photocﬁrrent response. For this experiment,
the passiyaﬁng Al,Gaj_yAs heteroface was removed from the p+ layer by chemical etching.
Figure 8 shows the measured internal quantum efficiency versus wavelength. For short
wavelengths, carriers are generated near the p* surface, where they recombine leading to a
low quantum efficiency. Also shown in Fig. 8 is the simulated quantum efficiency vs.
‘wavelength using the same recombination parameters employed to match the dark I-V
characteristics. We observe that the simple model can therefore reproduce both the dark
and illuminated characteristics of these devices with S = 4x105 cm/s and N = 5x1012
cm2,
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‘ V. Discussion
Curreni=Voltage Characteristics
Both the measured and simulated results show that the perimeter current has a
nearly constant ideality factor of n = 2 for low biases but that it decreases for high applied
blases. For low biases, the theory of Henry et al. [9] should apply. Figure 3 shows,
however, that the perimeter recombination occurs primarily where the junction space—

‘charge region intersects the surface- not in the surface channels outside the junction

depletion region as assumed by Henry et al. 'From (2) with s, = 4x105 cm/s, we estimate
the effective width for surface recombination as Lg = 350 A under a forward bias of 0.6
volts. This should be cornpared with the effective width for recombination in the bulk
junction space—charge region which is estimated from (1b) as Wegs = 32 A and the junction
depletion region width which is = 760 A. The charged surface states at the perimeter
reduce the electric field, gy which, according to (1b) increasgs the width over which
recombination occurs. ‘
 Both the measured results and the simulation show that the perimeter curcent
ideality factor decreases under high applied bias. Fignre 9 is a plot of the normalized
recombination rate versus position along the perimeter. For low and moderate applied
biases, perimeter recombination occurs where the junction depletion region intersects the
perimeter. The ideality factor is about 2, similar to the bulk space—charge recombination

- current, but the surface states alter the electrostatics which broadens the recombination

peak. As the bias increases, perimeter recombination spreads to the surface channels
outside the junction space—charge region. As Tiwari observed, under such conditions, the
perimeter current ideality factor decreases and approaches unity [10].

Previous workers have emphasized the role of carrier injection in the surface
channels. Although the barrier height at the surface (Vys as defined in Fig. 2) is reduced
by the band bending at the surface, majority carriers enter the channel through the bulk
regions where they must surmount an additional barrier. So it is not clear that injection in
the surface channel should dominate. To investigate the importance of injection in the
surface channel for these diodes, it is necessary to establish where the carriers that
recombine in the channel originate. Figure 10 is a plot of the electron current flow within
the diode under a bias of 1.4 volts. The confinement of the injected minority carrier
electrons by the heteroface, and their consequent lateral diffusion to the perimeter are
readily observed. For these diodes, the carriers recombining within the surface channel are
primarily those injected into the bulk quasi-neutral region which then diffuse to the
perimeter; injection in the surface channel does not play an important role.

-17-
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As mentioned previously, the choice of S and N7 to match the measured I~V
characteristics is not unique. It is even possible to match the data, including the bias—
dependent perimeter current ideality factor, with N = 0 if S is increased to 107 cm/s. This
is another indication that conduction in the surface channels does not play an important
role. When N =0, the electric field where the junction intersects the pcriineter is identical
to that in the bulk, so Ly = Wegr. As the surface state density is increased, the electric field
is reduced, which broadens the recombination peak so that a smaller surface recombination
velocity is required. It is not possible to identify a unique S and N from the measured
dark I-V characteristics, but additional information on surface recombination is available
by examining the measured internal quantum efficiency versus wavelength.

Internal Quantum Efficiency vs. Wavelength

When the passivating AlGaAs layer is removed, the short—wavelength internal
quantum efficiency is sensitive to recombination at the exposed surface of the p* layer. As
demonstrated by Fig. 8, the simple model with S = 4x105 cm/s and N = 5x1012 cm-2
does a good job of reproducing the measured photocurrent versus wavelength as well as
the measured dark I-V characteristic. Again, the choice of Nt and S are not unique, but
we find that with N = 1013 ¢cm~2 the simulation underestimates the short wavelength
quantum efficiency, even with S = 0. For this case, the band bending at the surface
produces a potential well that confines the photogenerated carriers. With Nt = 0 it is still
possible to match the measured quantum efficiency, but S must be increased to 107 cmys.

Internal quantum efficiency measurements are routinely analyzed by solving a
minority carrier diffusion equation ignoring the space—charge layer at the surface [17]. In
this case, the surface recombination velocity is really an effective value which relates the
current density to the excess minority carrier concentration by:

Jn(x1) = q Seff An(xy) . 9)
When interpreting the measured quantum efficiency for devices with exposed GaAs
surfaces, values of Segr ~ 107 cm/s are commonly obtained [7]. Evidently, the band
bending caused by the charged states along with S = 4x10° cmy/s produces an effective
surface recombination velocity of = 107 cm/s. This hypothesis can be tested by examining
the numerical simulation results, By evaluating the excess electron concentration and the
electron current at the boundary of the surface space—charge layer, we deduce Segr =
1.1x107 cm/s. So a surface state density of 5x1012 cmr2 and § = 4x105 cm/s reproduces
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the measﬁred quantum efficiency of our diodes and produces the effective recombination
velocity commonly observed in practce [7]. .

VI. Conclusion ,

GaAs heteroface diodes have been studied experimentally and with numerical
modeling in order to determine the mechanisms responsible for surface and perimeter
recombination. An experimental technique was described which allows extraction of thye‘
perimeter and bulk current components. A surface model which treats Fermi level pinning
by SRH recombination through deep level traps was used and extensively compared to the
experimental data for the purpose of verifying the model and quantifying the model
parameters. A density of 5x1012 cm~2 traps located at midgap with surface recombination

* velocities of 4x105 cm/s were found to reproduce the experimental data very well. Both the

dark current versus voltage and the internal quantum efficiency versus wavelength are well
described by this simple model. ‘

For the GaAs homojunction diodes investigated, we found that the diode current
under moderate forward bias was controlled by recombination along the perimeter. Most
of the recombination occurs where the junction space—charge region intersects the
perimeter, and it results in an ideality factor of = 2. Both the measured data and the
computer model show that the ideality factor of the perimeter current decreases under high
forward bias. The computer modeling results demonstrate that the decrease in ideality
factor is caused by carriers injected in the bulk regions diffusing to the perimeter. For these
devices, there appears to be little injection of carriers into the surface channel induced by
Fermi level pinning. Computer modeling experiments uncovered no distinctive features in
the current-voltage characteristic which could be attributed to Fermi level pinning. We
found that the dark and illuminated characteristics could even be modeled by ignoring the
charge on the surface states and employing an effective surface recombination velocity of =
107 cmys. In conclusion, we have demonstrated that a simple, one-level model of the
GaAs surface can account for the measured characteristics of GaAs homojunction diodes.
We also demonstrated that the surface channels introduce no distinctive features in the
simulated characteristics of such devices, so the common practice of ignoring the surface
state charge and using an effective surface recombination velocity of = 107 cmy/s can be
justified.
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CHAPTER 2

As,;S3 PASSIVATION OF GaAs SURFACES

2.1 INTRODUCTION

In the last few years it has been shown that chemical treatments of GaAs surfaces with
inorgémic sulfides can produce dramatic modifications of the surface electrical properties [1-6].
The gains of non-self-aligned heterojunction bipolar transistors (HBTs) have been shown to
increase by 60-fold with treatment of the emitter base junction with Na,S-9H,0 [1,2]. Reduc-
tion in edge recombination currents have been observed with Na,$-9H,0 and ammonium
sulfide treatment of GaAs pn homojunction solar cells [3]. These reductions in perimeter
currents can be attributed to the reduction in surface recombination of the GaAs surface after
the inorganic sulfide treatment [6]. The chemical nature of one of these inorganic sulfide treat-
ments, ammonium sulfide, has been investigated with X-ray photoelectvon spectroscopy (XPS)
[8-10]. The XPS studies found that the ammonium sulfide treatment removes surfaqe oxides
and terminates the GaAs surface with about a monolayer of sulfur. Since the ammoninm sulfide
chemically modified GaAs surface is terminated with just a monolayer of sulfur, it is not
surprising that the surface eventually degrades back to its initial electrical characteristics due to
reoxidation of the underlying GaAs [9]. Recently, Yablonovitch et al. [11] have developed a
sulfide chemical treatment which leaves the GaAs surface coated with an amorphous As;Ss
layer. This As,S3 chemical treatment resulted in a 100-fold reduction in perimeter current for
conventional double heterostructure lasers with no degradation after four months. This absence
of degradation was attributed to the impermeability of the As,S3 glass which prevents oxygen
from diffusing to the GaAs surface.

We have previously shown that perimeter recombination can control the 2kT current in
GaAs solar cells as large as 2cm x 2cm [12]. Perhaps as important is that the characteristics of
small area devices which are used for diagnostics are dominated by perimeter recombination.
Therefore a permanent passivation of GaAs surfaces would have benefits for GaAs solar cells.
In this chapter we report our investigations of the passivation of pn homojunction GaAs diodes
and self- aligned HBTs with the As283 chemical treatment.
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2.2 As;S3 PASSIVATION OF GaAs pn JUNCTIONS

The AlGaAs/GaAs diode structure used in this experiment is shown in Fig, 2.1. The epi-
taxial layérs were grown in a Varian GEN II molecular beam epitaxy system on a piece of two-
inch diameter semi-insulating (100) GaAs substrate indium soldered toa molybdenum growth
block. The epitaxial layers were grown at a substrate temperature of 600°C. Si was used as the

"n-type dopant and 3e as the p-type dopant. The doping densities of the epitaxial layers were

determined from the calibrated temperatures of the dopant ovens.

All the diodes were criented along the (110) planes (the natural cleavage planes.) Alloyed
AuGe/Ni/Ti/Au was used for the n-type ohmic contact. The p-type layer was electrically con-
tacted through the substrate via the excess indium left over from the film growth. The n-type
contacts were defined by a conventional liftoff technique. Wet etching of the AlGaAs and
GaAs layers was performed using 3:3:1:1 MeOH:H,0:H, 0, : H3POq.

After fabrication, the diodes were electrically characterized. Contact was made to the
diodes by probing on a micromanipulator model 6000 probe station and electrical data was
taken with a Hewlett Packard model 4145 semiconductor parameter analyzer. Following the
electrical characterization, the diodes underwent the As,;S3 chemical treatment.

The As,S3 chemical treatment consisted of an oxide removal etch in 1:10 NH,OH:H,0
followed by a 5 minute soak in ammonium sulfide. The sample was then rinsed in deionized
water and placed in a solution of 0.16M As;S; dissolved in a 1:1 solution of NH;OH:MeOH.
The sample was then spun dry under flowing nitrogen. Following the As,S3 chemical treat-
ment, the dicdes were again electrically characterized.

Shown in Fig. 2.2 is the forward current voltage characteristic for a square diode of 50um
on a side before and after the As;S3 chemical treatment [13]. At high current levels the device
characteristics are dominated by series resistance of the top contact and are not shown. As can
readily be seen in Figure 2.2, there is more than an order of magnitude reduction in current after
the As;S3 chemical treatment at biases above where the shunt leakage dominates. Another
significant change due to the As;S3 chemical treatment was a reduction in the ideality factor of
the diode current from n=1.7 to n=1.5 for biases where the shunt leakage is negligible, typically
greater than 0.5V. The shunt leakage observed on the treated devices can be eliminated when
the sample is annealed in nitrogen at 280°C. The annealing step is also necessary to make the
As;S; film impenetrable to oxygen and permanent. We have not performed this anneal on
GaAs pn junctions but have on HBTs which will be discussed in the next section. Similar
behavior was observed on all the diodes tested.
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2.3 AsyS3 PASSIVATION OF HBTs

The AlGaAs/GaAS HBT structure used in this experiment is shown in Fig. 2.3. The epitax-

‘ial layers were grown on a two-inch diameter semi- insulating (100) GaAs substrate at a sub-

strate temperature of 600°C. The top and bottom of the AlGaAs emifter were parabolically
graded to an Al mole fraction of 0.3 over 300&. All the HBTSs were oriented at 45 degree to the
(110) planes (the natural cleavage planes) so that wet-etched vertical sidewalls were obtained.
Alloyed AuGe/Ni/Ti/Au was used for the n-type contacts to the emitter and collector, and non-
alloyed Ti/Au for contact to the p-type base. The emitter contact was used as a mask for both
the base etch and the base metallization. A photoresist mask covering the emitter and base con-
tacts was used to define the base and also used as a lift-off mask for the collector metallization.
Another photoresist mask was then used to define the collector contact and device isolation.
Wet etching . of the AlGaAs and GaAs layers were performed using 20:7:1000

.NH4OH:H;0,:H, 0, which provided well-defined vertical sidewalls and an undercut ratio of

1:1. The base and collector contacts were on opposite sides of the emitter as shown in Fig. 2.3.

After fabrication, the HBTs were electrically characterized. Contacts were made to the
HBT's by probing on a micromanipulator model 6000 probe station and electrical data was taken
with a Hewlett Packard model 4145 semiconductor parameter analyzer. Following the electri-
cal characterization, the HBTs underwent the Asy 83 chemical treatment. In addition, the AsyS3
treated HBT's were annealed at 280°C on a graphite strip heater in flowing nitrogen for 2 min.
This final anneal step makes the As,S3 film impermeable to oxygen and results in a permanent
passivation.

Following the As,S3 chemical treatment, the HBTs were again electrically characterized.
Shown in Fig. 2.4 is the collector (Ic) and base (Iz) currents as a function of the base-emitter
(VgE) voltage with the base collector junction shorted for an HBT with an emitter size of 14 pm
x14 um before and after the As,S3 chemical treatment. (HBTs with emitter sizes of 14 um x14
um were the smallest HBTs we were able to test after the As;S3 treatment without damaging
the devices when probing through the As;S; film.) No change was observed in the collector
current except for a difference in roll-off at high current levels due to a difference in series
resistance. (This difference in series resistance is probably a consequence of the probe contact.)
In contrast, there is over an order of magnitude reduction in the base current at biases of Vgg=
0.6 to 0.7 V following the As;S3 chemical treatment. Also seen in Fig. 2.4 is that the leakage
current initially observed in the base current has been eliminated by the As;S3 chemical treat-
ment. Another significant change due to the As;S3 chemical treatment was a reduction in the
ideality factor of the base current from n=1.81 to n=1.54 for biases of Vgg=0.7 to 1.1V. (The
ideality factor of the collector current for biases of Vgg=0.9 to 1.2 V was n=1.01 before and
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after the chernical treatment). Similar behavior was observed with all the treated HBTS and no
degradation has been observed after two months exposure to room temperature and atmospheric
conditions.

To illustrate the effects of the chemical treatment on the d.c. current gain of the HBT, we
have plotted the ratios of the collector to base currents before and after the treatment as a func-
~ tion of the collector current density in Fig. 2.5. Observed in Fig. 2.5 is that the collector current
density at which gain is first observed (beta=1) has been loweted by about two orders of magni-
tude following the AsyS3 chemical treatment. Also, the d.c. current gain shows an increase of
more than a factor of 10 at the lower current densities. However, the d.c. current gain after the
As;S3 chemical treatment still exhibits 4 strong dependence on current density which is caused
by a continued presence of a base current component due to recombination in the emitter-base
depletion region. There is either still sorne perimeter recombination or the recombination is
dominated by the bulk of the junction in the emitter-base depletion region after the As;S;
chemical treatment.

2.4 SUMMARY

We have investigated the passivation effects of an As;S3 chemical treatment on pn homo-
junction GaAs diodes and self-aligned HBTs. For a homojunction pn diode of area 50 jim x 50
{tm more than an order of magnitude reduction was obtained in the dark current due to a reduc-
tion in recombination at the mesa-etched perimeter of the diode. The As,S3 treatment of the
HBT also resulted in over an order of magnitude reduction in the base current at biases of
Vpe=0.6 to 0.7 V while the collector current density at which gain was first observed was
lowered by two orders of magnitude. Even after two months exposure to room temperature and
atmospheric conditions, no degradation was observed in the HBT characteristics. Further inves-
tigations are necessary, but the AsyS; treatment has potential as a permanent passivation of the
GaAs surface.
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CHAPTER 3

LARGE AREA GaAs SOLAR CELLS
FABRICATED FROM MBE MATERIAL

3.1 INTRODUCTION

There has been considerable research and development of high-efficiency GaAs solar cells
using material grown by metal-organic chemical vapor deposition (MOCVD) and molecular
beam epitaxy (MBE) [1-11]. However, it is only recently that we have demonstrated that GaAs
solar cells fabricated from MBE material can have performance comparable to those fabricated
from MOCVD material [1,11]. We attribute our improvements in performance of GaAs solar
cells fabricated from MBE material to MBE system conditioning, higher purity of source
materials, and possibly a reduction in defect density [11]. Solar cells are large area devices and
therefore require high material uniformity and low defect densities. The largest previously
reported GaAs solar cells fabricated from MBE material have an area of 0.25 cm? [19,11]. In
this chapter we report on GaAs solar cells of area 2x4 cm? fabricated from MBE material.

3.2 DEVICE FABRICATION

The film used in this work was grown in a Varian GEN II MBE system. The conditioning
of the MBE system and sources, and substrate preparation have been reported previously [11].
The cross-section of the cell is shown in Fig. 3.1. The GaAs layers and the Aly3Gag,As win-
dow layer were grown at a rate of 1um per hour and with an Asy to group III beam equivalent
pressure of 19. All layers were grown at a substrate temperature of 610°C. The superlattice
below the n-GaAs base region consisted of 20 periods of 254 of Al 36GapgsAs barriers and
25A GaAs wells. The purpose of the superlattice was to act as a back surface field to confine
minority carrier holes to the n-GaAs base region to enhance their collection by the pn junction.
Two Ga effusion furnaces were used with each producing a growth rate of 0.5um per hour for
most of the growth. Towards the end of the growth of the p-GaAs emitter region, the tempera-
tures of the gallium ovens were adjusted so that the Aly3Gay,As window layer could be grown
by closing the shutter of one of the Ga furnaces while opening the shutter to the Al furnace. A §
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Fig. 3.1 Cross-section of the GaAs solar cell.
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second growth interruption was incorporated between the p-GaAs emitter and ‘AlygGayzAs
window regions to produce a smoother hetero-interface. After film growth, a 2x4 cm? solar cell
was fabricated from the 5.08 cm diameter wafer at the Applied Solar Energy Corporation. The
front grid metalization covered 7% of the area of the cell and made contact directly to the p-
GaAs emitter region. A double layer antireflection (AR) coating was used.

3.3 EXPERIMENTAL RESULTS

The cell was measured under 1-sun AML.5 conditions at the Solar Energy Research Insti-
tute by Keith Emery and exhibited an efficiency of 21.7% at a temperature of 25°C. Displayed
in Fig. 3.2a is the cell’s current voltage characteristic along with the measured solar cell param-
eters under 1-sun AM1.5 conditions. The cell was also measured under 1-sun AMO conditions
at Applied Solar Energy Corporation and exhibited an efficiency of 18.8% at a temperature of
28°C. Displayed in Fig. 3.2b is the cell’s current voltage characteristic along with the measured
solar cell parameters under 1-sun AMO conditions. These results are comparablé to those
obtained for 2x4 cm? cells which have been grown by MOCVD [5]. Displayed in Fig. 3.3 is the
internal quantum efficiency(IQE) for our cell. A high collection efficiency is seen in the Fig.
3.3 IQE data for short wavelengths indicating a high quality AlggGag,As window layer/p-
GaAs emitter layer hetero-interface. The high collection efficiencies observed for the IQE at
long wavelengths indicates a good minority carrier hole diffusion length in the n-GaAs base
region of the cell. |

MBE material is plagued by a defect which has become known as the "oval" defect due to
its shape. Two sources of oval deficis have been identified, particulate contamination and
excess gallium accumulation during growth [12]. Our films routinely exhibit oval defect densi-
ties in the range of 500-1000 cm™. We therefore have on the order of 4000-8000 oval defects
in our 2x4 cm? solar celll We have previously found that these oval defects result in leakage
currents in our solar cells which degrade the fill factor and hence the efficiencies [11]. Plotted
in Fig. 3.4 is the log of current versus voltage for the 2x4 cm? solar cell along with a dashed
line displaying a voltage dependence e3V/%T, Clearly seen in Fig. 3.4 is that the 2x4 cm? solar
cell exhibits leakage currents which result in diode ideality factors which are greater than 2. In
spite of the leakage currents the 2x4 cm? solar cell demonstrated state-of-the-art performance.
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3.4 SUMMARY

We have fabricated 2x4 cm? GaAs solar cells from MBE material. This is the largest dev-
ice ever fabricated from an MBE film. The cell demonstrated an efficiency of 18.8% under 1-

sun AMO conditions which is comparable to results obtained for similar size cells fabricated
from MOCVD material.
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CHAPTER 4

THE THIN-FILM APPROACH to HIGH EFFICIENCY

4.1 INTRODUCTION

The reported efficiencies of both silicon and GaAs solar cells under concentration are now
approaching the 30% barrier. Single junction GaAs cells have achieved a one-sun efficiency of
25.7%! and a concentrator efficiency of 29.2%2. GaAs is also employed as part of a tandem
Stack with such diverse semiconductors as germanium, GaSb, Al,Ga;.,As, GalnP,, and silicon
with efficiencies reaching as high as 35%3-8, GaAs cells have become the workhorse of high-
efficiency solar cell technology and research. Though these results are promising, single junc-
tion GaAs cells are approaching limits of efficiency established by romputer simulation® and
imposed by the fundamental limit of radiative recombination and their design. These
efficiencies are far below calculated theoretical limits of 31% and 37% for one-sun and concen-
trator cells respectively, assuming the radiative recombination limit!®, To achieve significantly
higher efficiencies in single junction cells, new designs are necessary.

Thin film cells have been studied before as a way to circumvent the high cost of GaAs sub-
strates!], In this chapter we argue that thin-film designs, where the solar cell is removed from
the substrate, offer the potential for single junction GaAs cells with conversion efficiencies over
35%. These new designs employ light-trapping techniques which have contributed significantly
to silicon concentrator solar cell efficiencies approaching the 30% level. We begin by analyzing
the losses and limitations of present day GaAs cells and showing that even with significant
improvements, today's designs cannot produce a 35% efficient, single junction GaAs solar cell.
We then show that only by decreasing the active volume of the cell while maintaining the opti-
cal thickness can a further increase in efficiency be achieved. Light-trapping is used to maintain
the optical thickness while decreasing the actual thickness. In thin film GaAs cells, implement-
ing light-trapping of incident sunlight requires separation of the active volume from the sub-
strate which results in a bonus of enhanced photon recycling!?14, Photon recycling is the reab-
sorption of photons emitted during a radiative recombination event, which creates a new
electron-hole pair, thereby increasing the effective lifetime of carriers in GaAs. A design is
presented and efficiency projections are done which demonstrate that efficiencies above 35%
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are possible.

42 BACKGROUND

To assess the factors which limit the efficiency of the best present day cells, a recently
published, 24.8% efficient, one-sun AM1.5 GaAs solar cell is analyzed!5, The structure of this
cell is typical of most present day high-efficiency cell designs, and is shown in Fig, 4.1, and its
measured output parameters are listed Table 4.1. |

Parameter Measured | Modeled
Value Value
Voo (volts) 1.029 1.040
Jsc(mA) 27.89 279
Fill Factor | 0,864 0.862
Efﬁciency (%) 24.8 249

Table 4.1 Comparison of measured and modeled solar cell parameters for the cell sketched in
Fig. 4.1

Loss analysis is performed at the Iy and V. biases. I, losses can be found from measure-
ments of the internal quantum efficiency (IQE) of the solar cell while V. losses can be found
by combining the IQE with the dark current. The percent losses in each region of the cell at
these biases are shown in the pie charts of Figs. 2, One can see that the losses at J, are concen-
trated outside the active cell in the form of reflection and shadowing losses. Significant losses
. are also attributed to absorption in the window and to photons left unabsorbed by the active
volume. Losses at V,, are dominated by diffusion current injected into the emitter which is

adversely affected by bandgap narrowing16, The reported cell output parameters can be used as
a test of this efficiency projection procedure. The I, is computed by weighting the exiemal
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quantum efficiency with the AM1.5 spectrum. The diffusion saturation current density is com-
puted from the parameters deduced from a fit to the IQE data using the IQE model of Hovel and
Woodalll?, The space charge recombination saturation current density is found fro.n measure-
ments of the dark current-voltage characteristic. These are then used to compute a current-
voltage relationship for the solar cell under illurination which yields the cell parameters. The
parameters computed by this method, listed in Table 4.1, match well the reported values, giving
credibility to our model.

The potential efficiency of this cell can then be easily be projected to the radiative limit.
We use the radiative lifetimes of Casey and Panish!8 and Hwang!? for p- and n-type GaAs
respectively, and values reported for the interface recombination velocities for this cell20:21,
These are used to compute the radiative limit light current and dark current, including bandgap
narrowing in the p-type emitter. The projected efficiency of this cell is 25.2% which is only 0.4
percentage points above the measured efficiency. We conclude that present day GaAs solar
cells are nearing the radiative limit.

It is also of interest to see how good this cell can be with the major J; losses suppressed.
The lack of losses in the base suggests that a thicker base could be used to reduce the losses due
to unabsorbed photons. Also, losses due to shadowing can be reduced through prismatic
coverslides. By suppressing these loss mechanisms, the J;, becomes 30.4 milliamps. In the
radiative limit this projects to a cell efficiency of 27.2%. Under 500 suns concentration and
ignoring series resistance, this correlates to an efficiency of 32.8% which is quite close to a
numerical projection made by Demoulin and Lundstrom®. Thus, significant improvement in the
performance of this design cannot produce a 35% efficient cell, even in the radiative limit.
Once the two main loss mechanisms of the J;. are suppressed, this cell design will have been
taken essentially to its limit of efficiency. To obtain a significant increase in efficiency for
GaAs solar cells, new device designs are necessary.

4.3 LIGHT TRAPPING in THIN GaAs SOLAR CELLS

Suppression of the dark current, which manifests itself in the V., is one way to improve
cell efficiencies. The losses at V. are dominated by diffusion current which accounts for 81%
of the total dark current at this bias. The remaining dark current loss is due to space charge
recombination which is dominated by recombination at the perimeter of the cell mesa. Since

the bnll lifetimac ara naar the radiativ

are near the radiative limit, the only way i0 suppress recombinadon further is
to reduce the volume available for diffusion current recombination. But this cannot be done at

the expense of reducing the optical thickness of the cell or the J, will suffer. New designs must
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couple a reduction of the magnitude of the dark current while ma.mtaxmng or improving the
present collection efficiency at Jg.

Figure 4.3 shows a GaAs ccll designed to employ light-trapping.  The cell is N on P rather
than P on N so that a thinner emitter can be employed without incurring sheet resistance prob-
lems. Light-trapping is provided by a prismatic coverglass and a reflecting back contact. A
similar scheme has been used for a bifacial silicon solar cell which was the first bifacial silicon
cell to exceed 25% efficiency under concentration2. Fabrication of such a cell in GaAs, how-
ever, requires the ability to separate the active volume from the GaAs substrate. One approach
is the cleft process 11, Another technique uses an etch highly selective to high Al mole fraction
AlGaAs2. After contacting the emitter and applying the anti-reflection coating, the thin film
would be lifted off from the substrate using Yablanovitch’s liftoff technique. The thin film is
then supported mechanically by a mask’. ; black wax. Next, the back side is metallized and the
black wax removed. The thin film cell is then Van der Waals bonded or attached with a con-
ductive adhesive to a metallized substrate before the coverglass is attached. This process of
separating the solar cell from its substrate to facilitate light-trapping is certainly labor-intensive
though high yield has been demonstrated for the the liftoff procedure?3. The lift-off approach is
well-suited to research applications but may not be the best process for manufacturing cells.

This task of separating the solar cell from the substrate creates a second benefit by enhanc-
ing photon recycling. The degree of effective lifetime enhancement due to photon recycling is
determined by the likelihood that an emitted photon is reabsorbed before exiting the active
volume. As the recombination internal quantum efficiency, defined as the ratio of radiative
recombination events to the total number of recombination events, nears unity and the photon is
likely to be reabsorbed, then photon recycling can significantly increase the observed lifetime of
a semiconductor. Photon recycling has been observed in double heterostructures and in solar
cells with the substrate still intact2021,24,

By removing the substrate, which is a sink for luminescence photons, we significantly
increased the probability that the emitted photons remain confined to the active volume so they
are more likely to be reabsorbed thus enhancing photon recycling. Fig. 4.4 depicts the
enhanced photon confinement in a thin film cell after substrate removal. Transient lumines-
cence studies of double heterostructures have also shown that removing the substrate results in
an observed lifetime enhancement of up to 15 times®,

The techniques of the previous section can be used to project the efficiency of the cell
shown in Fig. 4.3. We assume that light-trapping allows this new design to maintain the J,. of
30.4 mA projected to be attainable in the improved present day cell discussed above. Once
again we use the radiative lifetimes of Casey and Panish!8 and Hwang!? for p- and n-type GaAs
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respectively, and the same values for the interface recombination velocities used above2!. We
include bandgap narrowing, this time in the p-type base. At the radiative limit, the efficiency of
this cell is projected to be 27.9% at one-sun AM1.5 and 34.9% under 500 suns concentration, a
two point increase over the thicker cell which was projected to 32.8% above. Accounting for
the expected lifetime enhancement from improved photon recycling, these efficiencies are pro-
jected to 28.0% and 35.3%. The small improvement shows that the diffusion current is now
dominated by recombination at the front and back GaAs/AlGaAs interfaces.

4.4 ISSUES and CONCLUSIONS

The most prohibitive issue in the development of this new design will be the handling and
processing of fragile, thin films. The processing steps will be labor intensive so cost will be an
issue. Thermal stress may also be important under concentration since the thin film cell after
liftoff will be mounted on a substrate other than GaAs.

Modeling these cells will also be quite challenging. Light-trapping will have to be simu-
lated possibly using recently developed ray tracing programs to describe the propagation of sun-
light normally incident on a textured cell. More challenging will be properly accounting for
photon recycling.

To conclude, a loss analysis for the conventional heteroface cell design demonstrates that
present-day cells are approach radiative recombination limited efficiency. A new design
approach based on the use of ultra-thin GaAs to achieve light trapping promises significant per-
formance advantag€s with the same material quality. Thin-film GaAs cells can benefit from
light trapping in the same way that silicon cells do. For GaAs cells, however, the thin-films
approach can also lead to longer effective bulk lifetimes by enhancing photon recycling. We
conclude that the thin-film approach is a promising avenue for high-efficiency, II-V cell
research.
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